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Abstract

A mutation of AtSOS1 (Salt Overly Sensitive 1), a plasma membrane Na+/H+-antiporter in Arabidopsis thaliana, leads

to a salt-sensitive phenotype accompanied by the death of root cells under salt stress. Intracellular events and

changes in gene expression were compared during a non-lethal salt stress between the wild type and

a representative SOS1 mutant, atsos1-1, by confocal microscopy using ion-specific fluorophores and by quantitative

RT-PCR. In addition to the higher accumulation of sodium ions, atsos1-1 showed inhibition of endocytosis,

abnormalities in vacuolar shape and function, and changes in intracellular pH compared to the wild type in root tip

cells under stress. Quantitative RT-PCR revealed a dramatically faster and higher induction of root-specific Ca2+

transporters, including several CAXs and CNGCs, and the drastic down-regulation of genes involved in pH-

homeostasis and membrane potential maintenance. Differential regulation of genes for functions in intracellular

protein trafficking in atsos1-1 was also observed. The results suggested roles of the SOS1 protein, in addition to its

function as a Na+/H+ antiporter, whose disruption affected membrane traffic and vacuolar functions possibly by

controlling pH homeostasis in root cells.
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Introduction

Mechanisms by which plants counter salinity stress include

responses that counteract the osmotic component of the

stress and, typically, the exclusion of Na+ from tissues.

A major mechanism leading to tissue tolerance engages

cellular adjustments that sequester Na+ into vacuoles
(Munns and Tester, 2008). SOS1, a plasma membrane

Na+/H+-antiporter, is an important tolerance determinant,

involved in the exclusion of sodium ions from cells (Shi

et al., 2000, 2002). This antiporter forms one component in

a mechanism based on sensing of the salt stress that

involves increases of cytosolic [Ca2+], protein interactions

and reversible phosphorylation with SOS1 acting in concert

with SOS2 and SOS3 (Guo et al., 2004; Halfter et al., 2000;
Quintero et al., 2002). Compartmentalization of Na+ that

escapes export into vacuoles through SOS1 action is

considered to be mediated by NHX1, a vacuolar membrane

Na+/H+-antiporter (Apse et al., 1999, 2003). Overexpression

of AVP1, a vacuolar H+-pyrophosphatase (H+-PPase)

resulted in improved salt-tolerance with higher vacuolar
sodium accumulation, indicating the critical importance of

pH homeostasis on Na+ sequestration and tissue tolerance

(Gaxiola et al., 2001; Munns and Tester, 2008).

During the initial phase of salt stress, cell level tolerance

appears critical especially for root cells, as early sodium

influx is connected to the transpirational pull of water

(Läuchli et al., 2008). The severe salt sensitivity of sos1

mutants at the early stages of stress suggested a function in
protecting root cells, which was recognizable by the high
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expression of SOS1 in the root tip epidermis (Shi et al.,

2002). This function is typically associated with the Na+/H+

antiporter nature of the SOS1 protein, essentially the export

of Na+ ions that have entered the cytosol. In this function,

SOS1 is part of a complex of transporters, and, considering

the extreme salt sensitivity of sos1 mutants, possibly the

weakest link in a chain. Tissue tolerance then involves the

maintenance of intracellular ion homeostasis, achieved by
a dynamic network of ion transporters and related proteins

that are viewed as regulated by changes in intracellular pH

and [Ca2+] in a highly saline environment (Chinnusamy

et al., 2006). Deletion of SOS1 affects proton-flux in the

Arabidopsis root, suggesting an involvement in pH homeo-

stasis (Shabala et al., 2005). Generally, changes in the

proton gradient and cytoplasmic pH will affect cellular pro-

cesses such as pH-responsive activities of vacuolar Ca2+/H+

transporters (CAX1 and CAX2) (Pittman et al., 2005).

Increased cytosolic [Ca2+] would activate calcium-binding

proteins, including SOS3, which binds and activates the

protein kinase SOS2 (Halfter et al., 2000). The activated

SOS2/3 complex, in turn, can activate CAX1 (Cheng et al.,

2004), NHX1 or other transporters involved in vacuolar

Na+ transport (Qiu et al., 2004), and SOS1 itself (Qiu et al.,

2002). Export of Na+, for example, by an Na+/H+

antiporter will change the cytosolic and the vacuolar pH

(Leshem et al., 2006). In a different pH- and [Ca2+]-

dependent pathway, vacuolar Na+/H+ transport activity

and the selectivity of NHX1 are regulated by the calmodu-

lin-like CaM15 (Yamaguchi et al., 2005). AVP1 is not only

involved in Na+-compartmentalization into vacuoles, but is

also critical for maintaining endocytosis and auxin trans-

port (Li et al., 2005), implying that maintenance of vacuolar
pH under salt stress should be critical for continued growth

and, in turn, generating more cells and vacuoles that are

then able to sequester sodium (Hasegawa et al., 2000).

Despite the accumulating evidence of SOS1 involvement

in cellular ion homeostasis, little attention has been paid on

functions other than Na+ exclusion at the whole plant level.

There have been limited studies targeting the SOS1 regula-

tion of gene expression (Gong et al., 2001; Oh et al., 2007),
and only a few attempts to describe the strong salt sen-

sitivity at the cellular level upon SOS1 deletion by in-

tegrating pH, [Ca2+], and other cellular events. In

a previous study, it has been shown that an RNAi-based

decreased expression of the SOS1 orthologue in Thellungiella

halophila, a halophytic relative of Arabidopsis, resulted in the

premature death of root cells in the meristem and the

elongation zone. This then allowed the unchecked apoplastic
flux of sodium ions into the stele and into the shoot, leading

to salt sensitivity and the loss of halophytism at the whole

plant level (Oh et al., 2009). Here, we describe cellular events

of an Arabidopsis SOS1 knockout mutant, sos1-1 (Shi et al.,

2002) in root cells under salt stress using different ionophores

and the fluorescent membrane probe FM4-64. Analysing the

expression pattern of ion (including proton) transporters and

vesicle trafficking-related genes, the observations have been
reconciled with the complex genetic structure of transport

entities that have emerged in recent years. The results

highlight the critical roles of SOS1, which appear to go

significantly beyond its Na+/H+ antiporter activity, in

supporting vacuolar morphology, ion homeostasis, and

membrane trafficking, subsequently mediating the tissue

tolerance of root cells during the early stages of salt stress.

Materials and methods

Plant material and stress treatment

Seedlings were germinated and grown on quarter-strength MS
(Murashige-Skoog) media supplemented with 0.5% MES buffer
(pH 5.8), 2% sucrose, and 0.7% Select-Agar (Invitrogen). Five-day-
old seedlings were transferred to vertical agar plates supplemented
with 100 mM NaCl for the indicated time. For confocal
microscopy, at least 10 seedlings were analysed and representative
images are shown. Twenty seedlings were pooled for expression
analyses.

Confocal microscopy

Following treatment, seedlings were incubated with fluorescent
dyes in liquid media of the same composition used in the stress
treatment. For the visualization of sodium, seedlings were in-
cubated with 5 lM CoroNa Green-AM (Invitrogen) for 2 h.
Where confocal planes of the centre plane were required, seedlings
were incubated for 8 h on a filter paper soaked with media
supplemented with 2.5 lM CoroNa Green-AM, before washing
and confocal microscopy at excitation and emission wavelengths of
488 nm and 516 nm, respectively, as described by Oh et al. (2009).
Negative control pictures of roots incubated without Na+ ions are
presented in Supplementary Fig. S3 at JXB online. For analyses of
intracellular pH, 10 lM carboxyl SNARF-AM (Invitrogen) was
applied in the presence of 0.01% pluronic acid (Invitrogen) for 2 h.
The ratio of average fluorescence intensities collected from the
acidic (570–590 nm) and basic (630–650 nm) components with
a single excitation wavelength at 488 nm were analysed by ImageJ
software (NCBI). pH values were calculated by in situ calibration
(see Supplementary Fig. S4 at JXB online) as described by the
supplier (Invitrogen, MP01270). To visualize calcium, 20 lM
Fluo4-AM was loaded in the presence of pluronic acid for 2 h. In
separate experiments, Calcein-AM (Invitrogen), a non-ion specific
fluorescence dye with similar molecular weight,was substituted for
Fluo4-AM to ensure the same efficiency of dye loading between
Col3 and sos1-1 root cells. Excitation and emission wavelengths of
488 nm and 516 nm were used for both Fluo4 and Calcein dyes.
Where indicated, 1 lg ml�1 propidium iodide (Invitrogen) was
added to counterstain the cell wall and dead cells. To visualize
membrane trafficking, 5 lM FM4-64 (Invitrogen) was loaded for 5
min and the seedlings were incubated for a further 30 min after the
removal of FM4-64.

Expression analysis

Roots from 20 seedlings were pooled and gene expression was
analysed by qPCR as described by Gong et al. (2005). The primers
are listed in Supplementary Table S2 at JXB online. Experiments
were repeated six times (two biological and three analytical
repeats).

Results

Sodium accumulation and membrane trafficking under
salt stress

Sodium ions were visualized using a sodium-specific fluores-

cent dye, CoroNa Green (Invitrogen). After 8 h in 100 mM
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NaCl, no significant differences in fluorescence intensity

were observed between cells of Col3 and sos1-1 in the root

meristem and cell elongation regions. By contrast, differ-

ences appeared in the shape of the vacuoles and the

internalization of FM4-64 (Invitrogen) used to counterstain

membranes (Fig. 1). While the shape of the vacuoles was

not affected by NaCl in Col3 cells (Fig. 1A), root cells of

sos1-1 showed shrunken central vacuoles of globular shape
(Fig. 1B). The internalization of FM4-64 was normal under

non-stress conditions (Fig. 1C, E), but inhibited only in

sos1-1 root meristematic cells under salt stress (Fig. 1D, F).

After prolonged stress, differences in CoroNa Green in-

tensity became pronounced, with higher fluorescence in the

root tip region of sos1-1 than in Col3 (Fig. 2A, B). While

the Col3 roots remained intact, cell death was observed in

the root tip region of sos1 after 20 h (Fig. 2C, D). Cell
death started about 14 h into the stress treatment in older

parts of roots of sos1-1. Root cells of Col3 contained

CoroNa Green fluorescence exclusively in the vacuoles,

and propidium iodide stained the cell wall (Fig. 2E, G). In

sos1-1 roots, the cell interior increasingly became stained by

propidium iodide (Fig. 2F, arrow), and adjacent cells

showed leakage of sodium-specific fluorescence out of the

vacuoles (Fig. 2H, arrow). Optical dissections at the centre
plane of the older part of the roots (Fig. 2I, J) revealed

sodium-specific fluorescence confined to the epidermis (Ep)

and cortex (Co) layers, while no fluorescence was observed

in the stele (St) in Col3 roots (Fig. 2I). By contrast, sos1-1

roots showed cortex cells with fragmented, globule-shaped

vacuoles and significant fluorescence in the stele (Fig. 2J).

Intracellular pH and calcium

Carboxyl-SNARF (Invitrogen) was used to visualize the

intracellular pH in the root tip region (Fig. 3). Without

stress, Col3 and sos1-1 roots showed no differences (Fig.

3A, B). After 8 h in 100 mM NaCl, the vacuole of Col3

became more alkaline, indicated by a fluorescence red-shift

Fig. 1. Visualization of sodium and endocytosis. (A, B) Confocal

planes showing young cortex cells at the root tip region of Col3 (A)

or sos1-1 (B) after a 8 h treatment with 100 mM NaCl. Seedlings

were stained with CoroNa Green (green) and FM4-64 (red). (C–F)

Cells at the root meristem of Col3 (C, D) or sos1-1 (E, F) under

non-stress condition (C, E) or after 8 h treated with 100 mM NaCl

(D, F). Shown were pictures taken at 30 min after application of

FM4-64 at the same confocal setting.

Fig. 2. Effects of long-term stress. CoroNa Green (green) was

applied to visualize sodium and propidium iodide (red) to stain the

cell wall and dead cells. (A–D) Root tip region after 14 h (A, B) and

20 h (C, D) treatment with 100 mM NaCl. Confocal planes showing

epidermis and cortex cells of the Col3 (A, C) or sos1-1 (B, D). (E–F)

Root hair zone of Col3 (E) and sos1-1 (F) after 14 h treatment with

100 mM NaCl. Confocal planes showing epidermis (Ep) and cortex

(Co) cells. (G) Magnification of images in (E). (H) Magnification of

images in (F). (I, J) Older parts of Col3 (G) and sos1-1(H) roots after

20 h treatment with 100 mM NaCl. Confocal planes showing

epidermis (Ep), cortex (Co) layers, and stele (St).
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(Fig. 3C), while the shrunken vacuoles of the sos1-1 root

cells showed green-shift (Fig. 3D), indicating acidification.

The ratios of red/green in the fluorescence channel of

cytosol (c) and vacuole (v) were measured and the in-
tracellular pH values were calculated as described in the

Materials and methods section (Fig. 3E; see Supplementary

Fig. S4 at JXB online). The deduced average pH values of

the cytoplasm and the vacuole were 7.71 and 7.82, re-

spectively, for Col3, and 7.42 and 7.26 for sos1-1. Calcium

was visualized using Fluo4-AM (Invitrogen). In the absence

of stress, sos1-1 did not show significant differences

compared to Col3 (Fig. 4A, B). After a 2 h treatment at
100 mM NaCl, both the wild type and sos1-1 showed

vacuole-located fluorescence at significantly higher intensity

in the sos1-1 root cells (Fig. 4C, D).

Expression of genes related to pH homeostasis and
membrane trafficking

To characterize the genetic basis of the observations on

vacuolar morphology, membrane trafficking, and pH ho-

meostasis, the expression patterns were compared between

Col3 and sos1-1 roots by qPCR for selected genes, including

genes involved in pH homeostasis, membrane traffic-related

proteins, and aquaporins (Fig. 5; see Supplementary Table
S1 at JXB online). A cytochrome c1 precursor gene

(At5g40810) was selected as a reference transcript, based on

the uniformity of expression in the root under abiotic

stresses (Czechowski et al., 2005). Treatment with 100 mM

NaCl for 2 h was added to analyse the early responses

together with the 8 h time point used for most of the

microscopic studies. Among the pH-related transporters,

AHA1 and AHA2, encoding plasma membrane proton
ATPases, AVA-P4, a vacuolar proton ATPase, and AVP1,

a vacuolar H+-PPase, were significantly down-regulated in

sos1-1 after 8 h compared to the wild type (Fig. 5A; see

Supplementary Table S1 at JXB online). An analysis of

clusters of orthologous groups of proteins encoded in the

Arabidopsis genome (http://www.ncbi.nlm.nih.gov/COG/)

revealed more than 500 genes involved in membrane

trafficking. Among these, several genes encoding exocyst
subunits and syntaxins were highly regulated in a previous

transcriptome analysis of a Thellungiella line expressing

ThSOS1-RNAi (thsos1-4) (Oh et al., 2007). At least two

exocyst subunit genes, EXO70B1 and EXO70H7, and two

syntaxins, SYP121 and SYP122, were induced in the

Arabidopsis sos1-1 line, while SYP111/KNOLE and an

ARF-GEF, GNOM, were down-regulated specifically in

sos1-1 after 8 h. The gene of a clathrin adaptor subunit,

Fig. 3. Changes in intracellular pH under salt stress. (A–D)

Carboxyl SNARF-AM, which shifts the emission wavelength to red

at higher pH, was applied to visualize the intracellular pH. Confocal

planes collected from GFP and RFP channel were superimposed.

Epidermis and cortex cells at the root tip region of Col3 (A, C) or

sos1-1 (B, D) under non-stress condition (A, B) or after 8 h

treatment with 100 mM NaCl (C, D). (E) Analyses of pH at the

cytosol (c) or vacuole (v) from cells of (C) and (D). The pH values

were deduced from the ratio of RFP and GFP channel intensities

as described in the Materials and methods section; also see

Supplementary Fig. S4 at JXB online.

Fig. 4. Visualization of calcium after salt stress. Fluo-4 was used

for staining calcium in the root cells without stress (A, B) or after 2

h treatment of 100 mM NaCl (C, D). Shown are the cortex cells at

the elongation zone of Col3 (A, C) and sos1-1 (B, D).
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coatomer zeta-1, was greatly induced in sos1-1, especially at

longer stress treatments (Fig. 5B; see Supplementary Table
S1at JXB online). Aquaporins, both in the plasma mem-

brane and tonoplast sub-families, were down-regulated after

8 h in both Col3 and sos1-1, with a greater decrease found

in sos1-1 roots (Fig. 5C; see Supplementary Table S1 at

JXB online).

Expression of ion transporters

The expression of all NHX family genes, apart from SOS1,

being inactivated by a frame-shift mutation in sos1-1, have
been examined. NHX1 and NHX2, the two most abun-

dantly transcribed genes of the family, both known as

vacuolar membrane proteins, showed no significant differ-

ences in expression between Col3 and sos1-1. Expression of

the less abundant NHX5 and NHX6 were equally un-

affected, while NHX3, NHX4 and NHX8 were induced

significantly in sos1-1 (Fig. 6A; see Supplementary Fig. S1

at JXB online). By contrast, HKT1 expression decreased in
both Col3 and sos1-1 under salt stress, with a much

stronger decrease in sos1-1 to nearly undetectable mRNA

levels by 8 h of salt stress (Fig. 6C; see Supplementary Table

S1 at JXB online). In a previous study on Thellungiella

SOS1, several Ca2+ transporters and related genes, i.e.

CAX4, ACA1, and 5PTase2, were among the most highly

induced genes following the reduction of ThSOS1 under salt

stress (Oh et al., 2007). In Arabidopsis, CAX1 and CAX2,

the two most abundantly transcribed members of the CAX

family, showed induction only in sos1-1 after 8 h. Most
dramatic was the induction of CAX4 by a more than 50-

fold increase after 8 h in sos1-1 roots, while CAX4 was

induced only 1.3-fold in Col3. ACA1, 5PTase2, and two

cyclic-nucleotide gated channels, CNGC19 and CNGC14,

the most abundantly expressed genes in their family in

roots, showed similar up-regulation specific for sos1-1.

Remarkably, CNGC19 was induced 30-fold in sos1-1 at

2 h, while it was up-regulated 5-fold and later declined in
Col3 (Fig. 6B; see Supplementary Table S1 at JXB online).

Among the potassium transporters, HKT1 showed the

greatest difference. It was significantly down-regulated by

salt stress in the Col3 and down-regulated by an even higher

magnitude in sos1-1. TPK1 also showed a larger decrease in

sos1-1 compared to Col3, while AKT1 and KC1 did not show

significant differences between Col3 and sos1-1 (Fig. 6C;

see Supplementary Table S1 at JXB online).

Discussion

The salt-sensitive phenotype of sos1 mutants has been well
documented (Wu et al., 1996; Shi et al., 2000, 2002), but the

impact of this mutation on the level of cellular structure or

on gene expression in the most affected cells has received

less attention. The responses to salt stress in Arabidopsis

wild type and sos1-1 root cells were compared here. Based

Fig. 6. Expression pattern of genes encoding ion transporters.

Selected genes of NHX family (A), Ca2+ transporters (B) and K+

transporters. For the complete list of analyses, see Supplementary

Table S1 at JXB online.

Fig. 5. Expression pattern of genes encoding pH, membrane

trafficking-related proteins, and aquaporins. Gene expression was

compared by qPCR between roots of Col3 and sos1-1 after 0, 2,

and 8 h treatment with 100 mM NaCl. Shown are fold changes

compared to the Col3 under non-stress condition. Error bars

indicate standard deviations from six repeats (two biological3three

analytical). Selected genes encoding pH (A), membrane trafficking-

related proteins (B) and aquaporins (C). For the complete list of

analyses, see Supplementary Table S1 at JXB online.
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on the function of SOS1 as a sodium extruder from cells in

which it is expressed, it was expected that cellular events

and gene expression patterns in sos1-1 roots would mirror

a magnification of events that have often been observed in

wild-type plants under salt stress. However, not only was

a much more pronounced salt stress response than in the

wild type observed, but there were at least three distinct

cellular events that were specific to the sos1-1 mutant plants,
suggesting additional, other than sodium/proton antiport,

roles for SOS1.

Disrupted vacuolar functions in sos1-1 root cells under
salt stress

An early and conspicuous difference between Col3 and

sos1-1 root cells under salt stress concerned the morphology

of the central vacuoles (Fig. 1A, B). Differences in CoroNa

Green fluorescence intensity of the vacuoles was observed
after prolonged stress (Fig. 2A, B), accompanying cell death

in the sos1-1 root cells (Fig. 2D, F). Earlier, shrinkage of

vacuoles had started in sos1-1 root cells (Figs 1B, 2J),

resembling the observed loss of turgor and water potential

in the vacuole (Kutsuna and Hasezawa, 2005), suggesting

that sos1-1 root cells suffer a stress based on the disruption

of the water potential equilibrium, even before the higher

accumulation of sodium due to the lack of extrusion
became significant. Consistent with this observation is

a dramatic down-regulation of the expression of plasma

membrane and tonoplast aquaporins only in sos1-1 within

8 h (Fig. 6C; see Supplementary Table S1 at JXB online).

Prolonged stress also resulted in the failure of vacuolar

sodium confinement only in sos1-1 root cells (Fig. 2H). The

leakage of CoroNa Green fluorescence from vacuoles was

mainly observed in cells adjacent to damaged cells which
became permeable to propidium iodide, suggesting vacuolar

disintegration as a last step in sos1-1 root cells preceding

cell death. To address the question whether the observations

on sos1-1 root cells resulted from a higher accumulation of

Na+ due to the absence of a Na+ excluder function, the

wild-type Col3 root cells were treated with a higher

concentration of NaCl. After 12 h treatment with 200 mM

NaCl, the older part of the wild-type root exhibited cell
damage (arrows in Supplementary Fig. S1, at JXB online)

and CoroNa Green fluorescence intensities were compara-

ble with or even higher than those found in sos1-1 root cells

in Fig. 2B. However, the vacuoles of Col3 root cells

maintained normal morphology, suggesting that the vacuo-

lar deformation observed in sos1-1 root cells is not a result

of higher intracellular Na+ accumulation (see Supplemen-

tary Fig. S1 at JXB online).

Inhibition of membrane trafficking in sos1-1 under salt
stress

Another difference between Col3 and sos1-1 root cells at the

earlier stages of salt stress was observed by counterstaining

the membranes with FM4-64. Both inclusion and intensity

of membrane staining of FM4-64 decreased in sos1-1 after 8

h of stress (Fig. 1C–F). A possible explanation can be found

in the reports of pH and salinity-dependent changes in lipid

and sterol composition in fungal species (Turk et al., 2004,

2007). The observed inhibition of membrane trafficking was

also reflected in the down-regulation of transcripts for

GNOM and KNOLLE in the sos1-1 root cells (Fig. 5B),

indicating the inhibition of trafficking, auxin transport

(Kleine-Vehn et al., 2008) and cell division (Reichardt
et al., 2007). By contrast, SYP121 and SYP122, which are

SNAREs specifically involved in the secretory pathway to

the plasma membrane (Tyrrell et al., 2007), were dramati-

cally induced only in sos1-1 roots. There was also the

induction of transcripts of at least two members of the

exocyst family, EXO70B1 and EXO70H7 (Hala et al., 2008),

suggesting an activation of a secretory or an exocytosis

pathway in the sos1-1 root cells under salt stress.

Changes of vacuolar pH in wild type and sos1-1 under
salt stress

Ion accumulation and expression of ion transporters in

sos1-1 generally mirrored a more severe salt stress than the

wild type. Removal of the SOS1 extruder function resulted
in higher sodium ion accumulation in the sos1-1 vacuole

after prolonged stress (Fig. 2A, B). SOS1 mutations led to

more severe potassium deficiency than that experienced by

the wild type under the same stress conditions (Wu et al.,

1996), which might be explained by a more drastic decline

of HKT1 (Rus et al., 2001, 2004) and TPK1 (Gobert et al.,

2007) expression and/or activity in sos1-1 under salt stress

(Fig. 6C). Salt stress leads to an increase in free intracellular
Ca2+ mainly in root cells (Tracy et al., 2008). The

accumulation of vacuolar free Ca2+ and transcripts of Ca2+

transporters were significantly higher in sos1-1 (Figs 4, 6B),

suggesting increased and chronic stress signalling in sos1-1

root cells, which then experienced an amplified version of

salt stress. Changes in vacuolar pH were fundamentally

different in sos1-1 cells compared to the wild type under salt

stress. In another study using salt-tolerant quince proto-
plasts, adding NaCl higher than 100 mM to the media

increased the cytosolic pH (D’Onofrio and Lindberg, 2009).

A study using the Arabidopsis wild type showed significant

increases in vacuolar pH after incubation in 200 mM NaCl

for 18 h (Leshem et al., 2006). The accumulation of sodium

to the vacuole via Na+/H+ antiporters of the NHX-type is

expected to result in the vacuoles becoming more alkalin-

ized than the cytoplasm (Fig. 3C, E; see Supplementary
Fig. S2 at JXB online). However, sos1-1 cells showed more

acidic vacuoles than their cytoplasm (Fig. 3D, E), although

sos1-1 plants showed a higher accumulation of sodium in

their vacuoles (Fig. 2A, B). The unexpected result seems to

indicate the involvement of SOS1 in a function other than

the anticipated function of a Na+/H+ antiporter in pH

homeostasis. Significantly, members of genes involved in

pH regulation at both plasma membranes and tonoplasts
(Martinoia et al., 2007) were down-regulated only in sos1-1

root cells (Fig. 5A).
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Novel functions of SOS1 other than sodium exclusion

The distinct cellular events in sos1-1 root cells under salt

stress are summarized in juxtaposition with wild-type cells

(Fig. 7). The removal of Na+ from the cytoplasm into the

extracellular space is the expected SOS1 function (Fig. 7A),

but the lack of SOS1 also affects the confinement of Na+

into vacuoles, supporting the previously stated regulatory
influence of the SOS pathway on at least some vacuolar ion

transporters (Cheng et al., 2004; Qiu et al., 2004). In wild-

type root cells, the vacuoles became more alkaline (Leshem

et al., 2006), but this was not observed in the mutant. In

sos1-1 plants (Fig. 7B), the initial loss of vacuolar turgor

and functioning, followed by excessive sodium ion entry

into the vacuoles and the inhibition of membrane traffick-

ing, resulted in membrane defects and death of root cells.
Consequently, Na+ flux into the transpiration stream in-

creased via an apoplastic pathway. Disruption of vacuolar

pH and down-regulation of AVP1 (Fig. 7B, red circle)

might be at the core of the observations. Inhibition of

AVP1 expression will affect endocytosis and auxin trans-

port (Li et al., 2005) as well as the vacuolar sequestration of

sodium ion (Gaxiola et al., 2001) in sos1-1 cells under salt

stress (Fig. 7B, a). Acidic vacuoles affect the activity of

NHX1 by enhancing the binding of an inhibitory regulator,

AtCaM15, to the luminal c-terminus (Yamaguchi et al.,

2005), partially explaining the failure of vacuolar sodium

sequestration after prolonged stress (Fig. 7B, b).

An effect of SOS1 on the regulation of proton flux in the
root tip (Shabala et al., 2005) notwithstanding, our results

add another dimension. The mechanism(s) by which the

SOS pathway is at the basis of salt tolerance (Zhu, 2001),

and how SOS1 determines halophytism (Oh et al., 2009)

also seem to include the mediation of vacuolar functions

and pH homeostasis. In essence, the SOS pathway, and

SOS1 in particular, appear to be more complex than

expected. The involvement of a plasma membrane Na+/H+-
antiporter in pH homeostasis has been documented in

animals. The NHE protein family consists of nine anti-

porters with long C-terminal cytoplasmic tails (Orlowski

and Grinstein, 2007), comparable to the plant NHX family

of ight members, including SOS1 and NHX1. The C-

terminal of the animal NHE1 acts as a scaffold for the

assembly of a signalling complex (Baumgartner et al., 2004)

and NHE3 travels along the plasma membrane and endo-
somes, regulating endosomal pH and trafficking (Orlowski

and Grinstein, 2007). Among the plant proteins, only SOS1

includes a C-terminal extension comparable to the animal

proteins. The C-terminal tail of SOS1 appears to interact

with a regulatory protein, RCD1, involved in oxidative

stress (Katiyar-Agarwal et al., 2006), but detailed studies on

in vivo interacting partners are still lacking. The distinct

cellular events observed in sos1-1 mutant plants identify as
yet unknown functions of SOS1 in mediating vacuolar

integrity, membrane trafficking, and pH homeostasis under

salt stress, suggesting a more dynamic role of the SOS1

protein in which the Na+/H+ antiporter describes only one

function.
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